We have measured the Seebeck coefficient of single crystalline -FeSi 2 grown by a temperature gradient solution growth (TGSG) method using Ga solvent. Rectangular-like -FeSi 2 plates with the size of ð3{6Þ Â ð1{2Þ Â 0:3 mm 3 , where the longitudinal axis was [011], were prepared from the grown ingots. Typical resistivity and hole concentration of the crystals were 4 Â 10 À4 m and 2 Â 10 25 m À3 at room temperature (RT), respectively. The Seebeck coefficient measured along the [011] direction was approximately 350 mV/K at RT and showed the maximum value of 500 mV/K between 20 and 25 K. We also found that the solution grown single crystals had large power factors below RT. The value was 3:4 Â 10 À4 Wm À1 K À2 at RT, which was about three times larger than that of sintered poly-crystals and CVT-grown single crystals. The maximum power factor was 4:5 Â 10 À4 Wm À1 K À2 around 150 K. The value was more than one order of magnitude larger than reported values.
Introduction
Semiconducting iron disilicide, -FeSi 2 , is one of the candidate materials for thermoelectric devices, Si-based optoelectronic devices and light-emitting devices.
1-3) -FeSi 2 is also attractive from an ecological viewpoint because of its low toxicity, good chemical stability and the wide existence of its constituent elements in the earth. 4) Furthermore, -FeSi 2 is also known as a having large Seebeck coefficients, which is useful for generators working in the temperature range 500-900 K.
Most of studies on the thermoelectric properties of -FeSi 2 have been carried out on polycrystalline materials prepared by sintering or solid-phase reaction techniques. On the other hand, studies on the thermoelectric properties of single crystalline -FeSi 2 are limited, because of the difficulty of the crystal growth. Heinrich et al. measured the temperature dependence of Seebeck coefficient of Cr-doped -FeSi 2 crystals grown by chemical vapor transport (CVT) method and reported that the single crystalline -FeSi 2 has a large Seebeck coefficient below room temperature (RT). 5) Takeda et al. also studied the anisotropic Seebeck coefficient of single crystalline -FeSi 2 at RT. 6) The reported values of the Seebeck coefficient are significantly large compared with those of sintered polycrystalline materials. These investigations suggest that single crystalline -FeSi 2 has advantage in a thermoelectric conversion at low temperature range.
Recently, we have developed the solution growth method to obtain large-sized -FeSi 2 single crystals and to control the carrier density and the conduction type of the crystals. [7] [8] [9] [10] [11] In this paper, we report the low-temperature thermoelectric properties of p-type -FeSi 2 single crystals grown by a temperature gradient solution growth (TGSG) method using Ga solvent.
Experimental

Crystal Growth of Single Crystalline -FeSi 2
The crystal growth was carried out by the TGSG method using a vertical furnace. Arc-melted ingots of FeSi 2 (Fe:Si = 1:2, 4N) by Raremetallic Ltd. were used as a solute. The solute and Ga (6N) solvent were charged in a purified quartz ampoule. Following evacuation under a high vacuum (<6:7 Â 10 À4 Pa), the ampoule was sealed with a quartz rod, which was used as a heat sink. We defined that T G and T S are the temperature at the front of the quartz rod (growth temperature) and at the FeSi 2 source (source temperature), respectively. The distance between the source and the quartz surface, L, was 10 mm. Typical growth conditions were T G ¼ 880 C, T S ¼ 920 C and growth period of 290-336 h. The temperature gradient, D, of the furnace was kept at 40 C/cm during the growth. After the growth, residual Ga solvent which adhered to grown crystals was removed in hydrochloric acid.
Preparations of Specimens and Apparatus for
Thermoelectric Measurements Single crystalline -FeSi 2 specimens for thermoelectric measurements and resistivity measurements were prepared by a polishing and etching process. A grown crystal was ground parallel to a growth facet using carborundum and polished using colloidal alumina. After the polishing, the crystal was etched by HF (5%) solutions to eliminate a native oxide and surface damage layer. The size of specimens was ð3{6Þ Â ð1{2Þ Â 0:3 mm 3 . The crystallographic direction of the specimens was determined by an X-ray pole figure measurement.
The Seebeck coefficient, S, is defined as ÁV=ÁT, where ÁV and ÁT are the thermoelectric power and the temperature difference between hot and cold ends of the specimens, respectively. Figure 1 shows a schematic drawing of the apparatus for the Seebeck coefficient measurements. A single crystalline specimen is bonded on rectangular copper block (4 Â 4 Â L 15 mm 3 ) using Ag adhesive. A fiber-reinforced plastic (FRP) block is used as a spacer between the copper blocks. The specimen and copper blocks were placed on a copper base plate and mounted at the cold head of a cryostat refrigerator. The temperatures at the hot and cold ends were measured using the calibrated Cernox sensors and controlled by Lake shore 331S with PID control system. The thermo-electric power was measured by the Nanovoltmeter (Keithley, 2182).
The Seebeck coefficient of the specimens was evaluated from 10 to 300 K. The thermoelectric powers, ÁV, were measured at more than four different ÁT conditions (ÁT < 6 K) at each measured temperatures. Then, the Seebeck coefficient was determined from the least-square curve of ÁV-ÁT plots. The electrical properties of the specimens were also studied by Hall effect measurements between 10 and 300 K. A bridge configuration with six electrical contacts was made on the specimen by Ag adhesive. The Hall voltage was measured in a DC magnetic field at 0.35 T.
Results and Discussion
Crystal Growth of Single Crystalline -FeSi 2
Bulk -FeSi 2 crystals with the size of ð3{8Þ Â ð2{4Þ Â ð2{4Þ mm 3 were obtained by the growth experiments for the growth periods of 290-336 h. The grown crystals had clear growth facets belonging to {100}, {001}, {101}, {111} and {311} faces. Some of crystals showed an anisotropic growth rate depended on crystallographic directions, but the anisotropy was small compared with the CVT-grown crystals. Powder X-ray diffraction measurements and Laue back reflection observations confirmed that the crystals were single crystalline -FeSi 2 without any other iron-silicide phases and twins. We selected several large-sized single crystals and prepared two rectangular-like single-crystalline plates (specimen #1 and #2). Figure 2 presents the secondary electron image (SEI) and backscattering electron image (BEI) on the polished surface of the specimen #1. The surface was flat, and no inclusion and no significant contrast observed on the surface. Thus, the specimen had homogeneous crystalline quality. The molar fraction measured on the surface was Fe:Si = 33.3:66.7, which showed the stoichiometric composition of -FeSi 2 .
We evaluated the crystallographic orientation of the rectangular specimens #1 and #2 by the X-ray pole figure measurements and -2 diffraction measurements. Figure 3(a) and (b) show the -2 diffraction patterns of specimens #1 and #2, respectively. The diffraction patterns indicate that the surface of specimens #1 and #2 were (100) and (111), respectively. The X-ray pole figure plot of the specimen #1 revealed that the longitudinal axis of the specimen was [011] direction (Fig. 4) . We also found that the direction of the longitudinal axis of the specimens #2 was [011] . In the crystal growth of -FeSi 2 , anisotropic growth rate depended on the crystallographic direction is frequently observed. Udono et al. 13) In their experiment, they grew the -FeSi 2 crystals by the TGSG method using Ga solvent. Although they did not report the electrical Thermoelectric Properties of Solution Grown -FeSi 2 Single Crystalsproperties of the crystals, the resistivity and carrier concentration of the crystals would be similar to our crystals. Because the solid solubility of Ga-dopant in -FeSi 2 crystal depends on the growth temperature and their growth temperature is as same as our growth temperature. Therefore, we think that the smaller Seebeck coefficient of our single crystalline specimens would be due to the anisotropy of Seebeck coefficient. Below 100 K, the Seebeck coefficients in our crystals increase with decreasing the temperature, and reach maximum value of approximately 500 mV/K around 20-25 K. In this temperature range, our Seebeck coefficient is significantly large compared with those of sintered -FeSi 2 and CVT--FeSi 2 . Figure 6 shows the temperature dependence of resistivity of the specimens #1 and #2. The resistivity of the specimens was ð4{5Þ Â 10 À4 m at RT. This value was similar to the values reported in bulk single crystals grown using Ga solvent, whereas it was approximately 1/2-1/5 times lower than that of CVT--FeSi 2 crystals and sintered polycrystals. 14) In addition, between 300 and 50 K, the resistivity of our crystals showed small values, and thus the resistivity was more than one order of magnitude lower than those of CVT--FeSi 2 single crystals and sintered poly-crystals.
The power factor, P ¼ S 2 =, is calculated from the values of Seebeck coefficient, S, and electrical resistivity, . The temperature dependence of power factor is plotted in Fig. 7 . It is clear that the power factor of -FeSi 2 was improved in the low-temperature range by using the solution grown single crystals. The value of P of specimen #1 was 3:4 Â 10
À4
Wm
À1 K À2 at RT, which was approximately three times larger than those of sintered poly-crystals and CVT-grown 
[011]
(100) specimen #1 single crystals. The maximum P was observed around 150 K. The value was 4:5 Â 10 À4 Wm À1 K À2 , which was more than one order of magnitude larger than those of the other ones. As a result, we found that the solution grown -FeSi 2 single crystals improved the power factor and showed excellent thermoelectric properties at low temperatures.
Conclusions
We have investigated the thermoelectric properties of the single crystalline -FeSi 2 grown by the temperature gradient solution growth (TGSG) method using Ga solvent. The Seebeck coefficient measured along [011] direction of the crystals was approximately 350 mV/K at RT. The maximum value of about 500 mV/K was observed between 20 and 25 K. The resistivity measurement revealed that the resistivity of our solution grown crystals was significantly low compared with the CVT-grown -FeSi 2 single crystals and sinteredFeSi 2 poly-crystals. The resistivity was about 4 Â 10 À4 m at RT and showed minimum value of 1 Â 10 À4 m around 150 K. The power factor of 3:4 Â 10 À4 Wm À1 K À2 and 4:5 Â 10 À4 Wm À1 K À2 was found at RT and around 150 K, respectively. These results indicate that single crystallineFeSi 2 grown using Ga solvent has an excellent thermoelectric properties at the low temperatures.
